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Event-related potentialsFamiliarity and recollection are two independent cognitive processes involved in recognition memory. It is
traditionally believed that both familiarity and recollection can support item recognition, whereas only recollec-
tion can support associative recognition. Here, using a standard associative recognition task, we examined
whether associative retrieval of unitized associations involved differential patterns of familiarity and recollection
processes relative to non-unitized associations. The extent of engagement of familiarity and recollection process-
es during associative retrieval was estimated by using event-related potentials (ERPs). Twenty participants
studied compound words and unrelated word pairs during encoding. Subsequently, they were asked to decide
whether a presented word pair was intact, rearranged, or a new pair while electroencephalogram (EEG) was re-
corded. ERP results showed that compound words evoked a signiﬁcant early frontal old/new effect (associated
with familiarity) between ERPs to intact and rearranged word pairs, whereas this effect disappeared for the
unrelated word pairs. In addition, the left parietal old/new effect (associated with recollection) between ERPs
to intact and rearranged word pairs was greater for compounds than for unrelated word pairs. These ﬁndings
suggest that unitization enhances the contribution of both familiarity and recollection processes to associative
recognition.
© 2015 Elsevier B.V. All rights reserved.1. Introduction
Recognitionmemory refers to the ability to identify previously expe-
rienced events. Dual-process theories propose that recognitionmemory
is supported by familiarity and recollection (Mandler, 1980; Yonelinas,
2002). Familiarity is a fast-acting process that occurs without retrieval
of the details of an event or stimulus. Recollection refers to a slower pro-
cess which requires conscious retrieval of the details about an event or
stimulus. Event-related potential (ERP) studies have provided support
for the dual-process theory by identifying distinct ERP old/new effects
that are independently associated with the effects of familiarity or
recollection. Speciﬁcally, the early mid-frontal old/new effect from 300
to 500 ms has been thought to reﬂect familiarity-based recognition
(Curran, 2000; Curran and Cleary, 2003; Rugg and Curran, 2007)ese Academy of Sciences, No. 16
.: +86 10 64861622; fax: +86while a later left parietal old/new effect from 500 to 800 ms is linked
to recollection-based recognition (Rugg and Curran, 2007).
Associative recognition tasks and item recognition tasks are tradi-
tionally believed to be supported by different retrieval processes.
Whereas both familiarity and recollection can support item recognition,
only recollection can support associative recognition (Yonelinas, 2002).
In a typical associative recognition task, the participants study unrelated
word pairs during an initial study phase (e.g., umbrella–bread, map–
rose, tiger–sand), and make a distinction between the intact pairs
(e.g., umbrella–bread) and the rearranged pairs (e.g., map–sand)
during a subsequent test phase. Using remember/know (R/K) pro-
cedure (Tulving, 1985), Hockley and Consoli (1999) found that
associative recognition was associated with more “R” judgments (index
of recollection), whereas item recognition was associated with more “K”
judgments (index of familiarity). Receiver operating curves (ROCs)
were curvilinear for item recognition, but were linear for associative rec-
ognition, suggesting that both familiarity and recollection contribute to
item recognition, whereas only recollection contributes to associative
recognition (Yonelinas, 1997). In ERP studies, Donaldson and Rugg
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parietal old/new effect associated with recollection.
Though these studies supported the proposal that associative recog-
nition memory solely depended on recollection, recent studies have
demonstrated that familiarity could also contribute to associative
recognition when the to-be-remembered stimuli were perceived as a
“unitized” representation (Mecklinger and Jäger, 2009; Yonelinas,
2002). This is referred to as the “unitization hypothesis” (Quamme,
2004). “Unitization” means the condition where two or more items
are integrated into a single unit (Graf and Schacter, 1989).
Several ERP studies supported this hypothesis by revealing signiﬁ-
cant familiarity-related early frontal old/new effect only for unitized
associations. For example, Jäger et al. (2006) asked participants to
performa forced-choice recognition task of face pairs, duringwhichpar-
ticipants initially made an old/new judgment for the initially-presented
face; if they made a correct “old” judgment, a follow-up forced-choice
decision was required for the second face. The results showed that the
familiarity-related frontal old/new effect was only evoked in the unit-
ized condition (i.e., both faces were from the same person); in contrast,
the recollection-related parietal old/new effect was only signiﬁcant
in the non-unitized condition (i.e., the faces were from different per-
sons), suggesting that familiarity is sufﬁcient to support associative
recognition when the to-be-remembered information can be unitized,
but that only recollection could support non-unitized associative
recognition.
Rhodes and Donaldson (2007) examined associative recognition
using word pairs which included two types, namely associated
word pairs (e.g., trafﬁc–jam), and semantically related word pairs (e.g.
violin–guitar). During the test phase, participants needed to discrimi-
nate between the intact, rearranged, and new word pairs. The results
showed that only the associated word pairs, which were rated as
more easily unitized into a single unit, evoked a signiﬁcant bilateral
frontal old/new effect, whereas the left parietal old/new effect was
evoked equally by both word pairs. Further work from this group
(Rhodes and Donaldson, 2008) found that the semantically-related
word pairs could evoke a greater frontal old/new effect when encoded
with a strategy encouraging unitization (i.e., interactive imagery) com-
pared with the non-unitized strategy (i.e., item imagery); however, the
strategy did not inﬂuence the recollection-related left parietal old/new
effects.
Even arbitrary word pairs, when encoded with a unitized strategy,
can engage familiarity in subsequent associative retrieval. Bader et al.
(2010) asked participants to encode semantically unrelated word
pairs either along with a deﬁnition combining the word pair into a
new concept (unitized deﬁnition condition) or togetherwith a sentence
frame separating the word pair as disconnected components (non-
unitized sentence condition). The results showed that the early old/
new effect was only signiﬁcant in the unitized condition, suggesting
that familiarity could contribute to the associative recognition when
the word pairs are unitized. Consistent with Jäger et al. (2006), the pa-
rietal old/new effect was only signiﬁcant in the non-unitized condition.
These ERP studies consistently found a familiarity-related frontal
old/new effect evoked by the unitized condition. However, it should
be noted that all these ERP studies quantiﬁed the ERP old/new effects
by comparing intact with new pairs. Whereas the associative recogni-
tion task should refer to the discrimination of intact from rearranged
pairs, rather than that of intact from new pairs (Hockley, 1992; Speer
and Curran, 2007). Thus, the old/new effects between ERPs to intact
and new pairs may be confounded by item memory, and the observed
frontal old/neweffect evoked byunitized conditionmight not be related
to associativememory, rather to itemmemory. Therefore, it is necessary
to examine whether familiarity indeed can support associative recogni-
tion after unitized encoding, by comparing the ERPs evoked by intact
with those evoked by rearranged pairs.
Reports of the left parietal old/new effect under the unitized condi-
tion have also shown some variability. On the one hand, therecollection-related parietal old/new effect was equivalent for both
unitized and non-unitized conditions (Rhodes and Donaldson, 2007,
2008), suggesting that recollection can support associative recognition
of both conditions. On the other hand, this old/new effect was only
observed for the non-unitized condition (Bader et al., 2010; Jäger
et al., 2006), which was interpreted as evidence that the recollection
process was not necessary when the associations were unitized during
encoding. The exact reason for the different patterns of the parietal
old/new effect, however, remains unclear. Also, similar to the previous
case, as these studies only analyzed the old/new differences between
intact pairs and new pairs, these results could still be confounded by
item recognition.
In the present study,we aimed to further examine the effects of unit-
ization on the extent to which familiarity and recollection contribute to
associative recognition. Based on previous studies (Giovanello et al.,
2006; Rhodes and Donaldson, 2007), compound words were used in
the unitized condition, and semantically unrelated word pairs were
manipulated in the non-unitized condition. In a standard associative
recognition task, we measured two types of old/new effects (i.e., both
the intact vs. rearranged old/new effects and the intact vs. new old/
new effects) to quantify the contributions of familiarity and recollection
to associative retrieval. If familiarity can support associative recognition
of unitizedword pairs, the frontal old/new effect between ERPs to intact
and rearranged pairs evoked by compounds should be greater than
those of unrelated word pairs. It is traditionally thought that recollec-
tion contributes to discrimination of intact from rearranged pairs, so
we expected that the parietal old/new effects between ERPs to intact
and rearranged pairs would be similar for compounds and unrelated
word pairs. We also performed analyses of old/new effects between
ERPs to intact and new pairs for both compounds and unrelated word
pairs, which may help to elucidate conﬂicting reports in the literature
as previously described.
2. Methods
2.1. Participants
Twenty right-handed healthy university students (mean age 22
years, education levels 15.9 years) participated in the study. All par-
ticipants were native Chinese speakers with normal or corrected-to-
normal vision and were free from neurological and psychiatric disor-
ders. Each participant signed informed consent documentation and
was paid for participation. The study was approved by the Ethics
Committee of the Institute of Psychology, Chinese Academy of Sciences.
2.2. Materials
The stimuli consisted of 144 compound words and 144 unrelated
word pairs, the components of which were two-character Chinese
nouns with low-to-high word frequency (range 1–472 occurrences
per million) selected from the Dictionary of Modern Chinese words
in Common Use (Liu, 1990). The mean word frequency for compounds
and unrelated pairs was matched (58.6 and 61.5 per million,
respectively).
Based on the protocol of previous studies (Kriukova et al., 2013;
Rhodes and Donaldson, 2007), the degree to which word pairs could
be unitized was assessed. Ten young adults (6 male, mean age 22.6
years, mean education 15.8 years) were asked to judge how well the
two words could be bound into a single new concept using a scale
from 1 (lowest ratings)–7 (highest ratings); none of these raters subse-
quently participated in the formal ERP experiment. Pairwise contrasts
revealed that compounds (6.52 ± 0.28) were rated more unitized
than unrelated word pairs (1.62 ± 0.54, p b .001).
Each of the 144 compounds was assigned an unrelated word pair
as its complementary “partner” item. A compound and its complemen-
tary partner could be rearranged to form another compound and
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meaning ‘Greek–mythology’) and unrelated word pair C–D (e.g., ‘ – ’
meaning ‘pool–letter’) could be rearranged to compound A–D (e.g., ‘ – ’
meaning ‘Greek–letter’) and unrelated word pair C–B (e.g., ‘ – ’ meaning
‘pool–mythology’). For this transformation, the position of each word
component was kept unchanged. These newly formed pairs were desig-
nated to be rearranged pairs that would appear during the test phase.
The experiment was divided into 16 blocks, each including a study
phase, a distracter task, and a test phase. Each study list comprised 14
word pairs including 2 untested buffers separately presented at the be-
ginning and end of the list and 12 target pairs, in which 6 pairs (includ-
ing 3 compounds and 3 unrelated pairs) appeared as intact pairs and 6
complementary pairs (also including 3 compounds and 3 unrelated
pairs) formed rearranged pairs. Each test list comprised 20 word pairs
including 2 ﬁllers at the foremost and 18 target pairs, in which 6 pairs
were presented in the same pairings as in the study phase (intact
pairs), 6 pairs consisted of words not presented together in the study
phase (rearranged pairs) and 6 pairs were not previously presented
(new pairs). These pairs were pseudo-randomly presented, and the
same type of pairs was not presented more than three times consecu-
tively. The word pairs were rotated to ensure that every word pair
was presented equally often as intact, rearranged, or new. The orders
of study-test blocks were counterbalanced across participants. In total,
therewere 192 trials during the study phase (96 compounds and 96 un-
relatedword pairs) and 288 trials (48 intact, 48 rearranged, and 48 new
pairs for compounds and unrelated word pairs, respectively) during
testing. Participants ﬁrst completed a practice session including 12
word pairs during the study phase and 18 items during testing to famil-
iarize with the procedure prior to formal experimentation. None of the
practice stimuli appeared subsequently.
2.3. Procedures
The experiment was designed using E-Prime (Psychology Software
Tools). All word pairs were displayed inwhite font against a black back-
ground and were presented one above the other slightly above and
below central vision on a LCD computer monitor at a viewing distance
of approximately 100 cm with the stimuli subtended at a visual angle
of 2.3° × 2.6°.
Fig. 1 illustrates the procedures of study and test phases. During the
study phase, each trial began with display of a ﬁxation cross (+) in the
center of the screen for 800 ms. The word pair was then presented for
5000 ms followed by a 500–800 ms blank screen. Participants were
instructed to remember the words as an association for a subsequent
test. There was a distracter task between study phase and test phaseFig. 1. Stimuli and experimental design. During the study phase, the examples of
word pairs ‘ – ’, ‘ – ’, and ‘ – ’ mean ‘family–teacher’, ‘Greek–mythology’, and
‘pool–letter’, respectively; during the test phase, the examples of word pairs ‘ – ’, ‘ – ’,
and ‘ – ’ mean ‘family–teacher’, ‘Greek–letter’, and ‘watch–banana’, respectively.during which participants needed to count backward by threes for
60 s. During testing, each trial began with a ﬁxation cross presented
for 800 ms followed by a word pair with a maximum presentation
time of 4000 ms. Participants were instructed to indicate whether the
word pairwas intact, rearranged, or newbypressing keys of a keyboard.
Once they made a response, a blank screen was presented for 1500–
1800 ms and the next trial began.
Participants were asked to respond as quickly and accurately as
possible and the key-response mappings were counterbalanced be-
tween subjects (i.e., half of participants made responses of ‘old’ and
‘rearranged’ by pressing the key ‘F’ and ‘D’ under the index and middle
ﬁngers of the left hand, and of ‘new’ by pressing the key ‘J’ under the
index ﬁngers of the right hand, and the other half of participants
responded ‘old’ and ‘rearranged’ by pressing the key ‘J’ and ‘K’ under
the index and middle ﬁngers of the right hand, and ‘new’ by pressing
the key ‘F’ under the index ﬁngers of the left hand). Tominimize EEG ar-
tifacts, they were also instructed to maintain ﬁxation, to relax, and to
avoid making head motions and eye-movements other than blinks.
2.4. EEG recording
Electroencephalogram (EEG) was recorded from 62 Ag/AgCl
electrodes embedded in an elastic cap based on an extended version
of the international 10–20 system using Neuroscan 4.3 system
(http://www.neuroscan.com). Vertical and horizontal electrooculo-
gram (EOG) was recorded with electrodes placed above and below
the left eye and on the outer canthi of both eyes. All scalp electrodes
were referenced online to the left mastoid and re-referenced ofﬂine
to the average of the left and the right mastoids. Data were digitized
at a rate of 500 Hz and ﬁltered with a band-pass of 0.05–100 Hz. Elec-
trode impedance was kept below 5 kΩ.
Ocular artifacts with eye blinks were removed with the ocular arti-
fact reduction procedure in Scan 4.3 software. EEG signals were digitally
ofﬂine ﬁltered with a bandpass of 0.05–40 Hz (24 dB/oct, zero phase
shift). EEG data from the test phase were separated into 1700 ms
epochs, including 200ms prior to stimulus onset for baseline correction.
Incorrect-response trials or trials with artifacts larger than±75 μVwere
rejected from ERP averages. A minimum of 16 artifact-free trials in each
response category was required from each participant to ensure an ac-
ceptable signal-to-noise ratio. The mean number of trials contributing
to the grand average ERPs were: compounds: intact (37), rearranged
(34) and new (37); unrelated word pairs: intact (37), rearranged (36)
and new (38).
2.5. ERP analyses
Based on visual inspection of the grand averagewaveforms and pre-
vious studies (Jäger et al., 2006; Rhodes and Donaldson, 2007, 2008),
the ERPs of old/neweffectswere quantiﬁed by calculating themean am-
plitudes over two consecutive time windows of 250–400 ms, 400–
700 ms. These time windows were chosen to characterize the early
bilateral frontal old/new effect and the left parietal old/new effect,
respectively. The repeated-measures analyses of variance (ANOVAs) of
these old/new effects were performed over four scalp regions: left fron-
tal (F1, F3, F5), right frontal (F2, F4, F6), left parietal (P1, P3, P5) and
right parietal (P2, P4, P6). The electrode sites used for the analyses
were illustrated in Fig. 2.
As noted in the Introduction, two types of old/new effects were ex-
plored: one is analyzed by comparing ERPs to intact with rearranged
pairs; another is analyzed by comparing ERPs to intact with new pairs.
For each timewindow, themean amplitude of ERPwaveformswas sub-
jected to ANOVA with the factors of response (intact vs. rearranged or
intact vs. new), location (frontal vs. parietal), hemisphere (left vs.
right) and site (superior vs. mid vs. inferior) for compounds and unre-
lated word pairs separately in order to quantify the old/new effects for
each condition. Signiﬁcant interactions involving the factor of response
Fig. 2. Schematic maps of 62 electrode sites with the highlighted sites used to analyze the
old/new effects of 250–400ms and 400–700ms timewindows. LF: left frontal (F1, F3, F5);
RF: right frontal (F2, F4, F6); LP: left parietal (P1, P3, P5); RP, right parietal (P2, P4, P6). S:
superior; M: middle; I: inferior.
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conducted on difference waveforms (intact minus rearranged or intact
minus new) employing the factors of condition (compounds vs. unrelat-
ed), location (frontal vs. parietal), hemisphere (left vs. right) and site
(superior vs. mid vs. inferior) in order to compare the magnitude of
the old/new effects across conditions. Topographic analyses were
conducted on the difference waveforms rescaled by the vector length
method (McCarthy and Wood, 1985; Wilding, 2006). Topographical
maps depicting old/new effects were formed by subtracting ERPs of
rearranged or new pairs from ERPs of intact pairs.
Greenhouse–Geisser correction for non-sphericity of data was ap-
plied as necessary. The uncorrected degrees of freedom, corrected p-
values, and effect size are reported. For all analyses, the signiﬁcance
level was set to .05.
3. Results
3.1. Behavioral results
The accuracy and response times were separately subjected to
repeated-measures ANOVA with the factors of response (intact,
rearranged, and new) and condition (compounds, unrelated word
pairs).
3.1.1. Accuracy data
Mean accuracy for each condition as a function of three
response categories is presented in Fig. 3A. The ANOVA revealed a
main effect of condition [F(1,19) = 6.64, p = .018, partial η2 =
.26], a main effect of response [F(2,38) = 19.19, p b .001, partial
η2 = .50], and a two-way condition × response interactionFig. 3. Panel A shows the mean accuracy of each word pair condition across three responses. P
sponses. Error bars represent within-subject 95% conﬁdence intervals (Loftus and Masson, 199[F(2,38) = 6.48, p = .009, partial η2 = .25]. As the Fig. 3A shows,
follow-up analyses revealed that the intact pairs were better recog-
nized for compounds than for unrelated word pairs [F(1,19) =
5.15, p = .035]. By contrast, rearranged and new pairs were more
difﬁcult to reject for compounds than for unrelated word pairs
[F(1,19) = 7.61, p = .013 and F(1,19) = 4.80, p = .041,
respectively].
3.1.2. Response times
Concerning response times (see Fig. 3B), theANOVA revealed amain
effect of condition [F(1,19) = 8.73, p= .008, partial η2 = .32], a main
effect of response [F(2,38) = 86.75, p b .001, partial η2 = .82], and a
two-way condition × response interaction [F(2,38) = 23.90, p b .001,
partial η2 = .56]. As Fig. 3B shows, follow-up analyses revealed that
the intact pairs were responded to more quickly for compounds than
for unrelated word pairs [F(1,19)= 38.71, p b .001]; in contrast, the re-
sponse times of rearranged pairs were slower for compounds than for
unrelated word pairs [F(1,19) = 16.99, p b .001]. There were no signif-
icant differences across conditions for new pairs.
3.2. ERP results
The grand average ERPs evoked by correct responses to intact,
rearranged, and new word pairs for compounds and unrelated word
pairs are shown in Figs. 4 and 5, respectively. The “intact” and
“rearranged” ERP waveforms diverge beginning about 250 ms post-
stimuli onset for the compounds with more positive-going waveforms
for intact pairs compared to rearranged pairs. As is illustrated by the dis-
tribution maps shown in Fig. 6B, this early old/new effect evoked by
compounds is maximal at bilateral frontal regions during the 250–
400 ms time window. However, the early bilateral frontal old/new ef-
fects are not apparent for unrelated pairs. The more positive-going
waveforms for intact pairs extend from anterior to posterior sites com-
pared with rearranged pairs during 400–700 ms time window for both
conditions, but the parietal positivity is greater for compounds than for
unrelated word pairs (see Fig. 7B). As seen from the distribution maps,
both conditions evoked bilateral frontal and left parietal old/new differ-
ences between “intact” and “new” ERP waveforms. These two old/new
effects are equivalent for compounds and unrelated word pairs.
3.2.1. 250–400 ms
3.2.1.1. Intact vs. rearranged. As can be seen in Figs. 4 and 5, comparison
of intact and rearranged responses during this time window revealed
that only the compounds evoked signiﬁcant frontal old/new effects.
ANOVA of compounds revealed a response × site interaction
[F(2,38) = 3.94, p= .04, partial η2 = .17]. Follow-up analyses revealed
signiﬁcant old/new differences at all three sites, with more positive
waveforms for intact pairs than for rearranged pairs (ps b .001). There
was a trend that the magnitude of old/new effects tended to be larger
at frontal region (an average of data from F1/3/5/2/4/6) than that atanel B shows the mean response time (ms) of each word pair condition across three re-
4).
Fig. 4.Grand average ERPs for correct responses to intact (black line), rearranged (red line) and new (blue line)word pairs for compoundwords at selected electrodeswhich are indicated
by the inset, showing from−200 to 1000 ms. Scale bars indicate the time windows used for statistical analyses (250–400 ms, and 400–700 ms windows). Positive voltages are plotted
upwards.
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0.88 μV), although the interaction of response × location did not reach
signiﬁcance (F(1,19) = 2.81, p= .11, partial η2 = .13). ANOVAs of un-
related word pairs revealed no signiﬁcantmain effect of response or in-
teractions involving response (ps N .05), revealing no old/new
differences at any scalp regions.
Between-condition contrasts in the magnitude of difference wave-
forms (intact minus rearranged) revealed a main effect of condition
[F(1,19) = 5.23, p = .034, partial η2 = .22], revealing a greater old/
new effect for compounds than for unrelated word pairs. Themean am-
plitude of bilateral frontal old/new effect (intact minus rearranged; col-
lapsed over F1/3/5/2/4/6) for compounds and unrelated word pairs is
shown in Fig. 6A. The topographic maps of the ERP old/new effects dur-
ing this timewindow for compounds and unrelatedword pairs are illus-
trated in Fig. 6B.
3.2.1.2. Intact vs. new.As can be seen in Figs. 4 and 5, comparison of intact
and new responses during this time window revealed that compounds
and unrelated word pairs evoked equivalent frontal old/new effects.
ANOVAs of compounds revealed a response × location × site interaction
[F(2,38) = 4.48, p = .21, partial η2 = .19]. Following the interaction,
follow-up analyses of both frontal and parietal locations revealed signif-
icant old/new effects at all sites (ps b .001). ANOVAs of unrelated word
pairs only revealed a main effect of response [F(1,19) = 41.02, p b .001,
partial η2 = .68], revealing widely distributed old/new differences.
Between-condition contrasts in the magnitude of difference wave-
forms (intact minus new) revealed no signiﬁcant main effect of condi-
tion or interactions involving condition, revealing that early old/new
effects did not differ in magnitude for compounds and unrelated word
pairs at any locations. The mean amplitude of bilateral frontal old/new
effect (intact minus new; collapsed over F1/3/5/2/4/6) for compounds
and unrelated word pairs is shown in Fig. 6A. The topographic maps ofFig. 5. Grand average ERPs for correct responses to intact (black line), rearranged (red line) an
dicated by the inset, showing from−200 to 1000 ms. Scale bars indicate the time windows u
plotted upwards.the ERPs old/new effects during this time window for compounds and
unrelated word pairs are illustrated in Fig. 6B.3.2.2. 400–700 ms
3.2.2.1. Intact vs. rearranged. As can be seen in Figs. 4 and 5, comparison
of intact and rearranged responses during this time window revealed
that compounds evoked greater left parietal old/new effects compared
with unrelated word pairs. ANOVAs of compounds revealed a main
effect of response [F(2,38) = 27.84, p b .001, partial η2 = .59] and a
response × site interaction [F(2,38) = 8.25, p = .003, partial η2 =
.30]. Follow-up analyses revealed signiﬁcant old/new differences at all
three sites, with more positive waveforms for intact pairs than for
rearranged pairs (ps b .001). No signiﬁcant interactions involving the
factors of location indicated widely distributed old/new effects at both
parietal and frontal locations. ANOVAs of unrelatedword pairs revealed
a response × location interaction [F(1,19)=4.61, p= .045, partial η2=
.20]. Follow-up analyses revealed signiﬁcant old/new differences at
both parietal and frontal locations [ps b .05].
Between-condition contrasts in the magnitude of difference wave-
forms (intact minus rearranged) revealed a main effect of condition
[F(1,19)= 7.36, p= .014, partial η2 = .28], and amarginally signiﬁcant
condition × hemisphere interaction [F(1,19) = 4.02, p = .06, partial
η2 = .17]. Follow-up analyses revealed greater old/new effect for com-
pounds than for unrelated word pairs at the left hemisphere [F(1,19)=
4.61, p = .045] and right hemisphere [F(1,19) = 9.18, p = .007]. The
mean amplitude of the left parietal old/new effect (intact minus
rearranged; collapsed over P1/3/5) for compounds and unrelated
word pairs is shown in Fig. 7A. The topographic maps of the ERP old/
new effects during this time window for the compounds and unrelated
word pairs are illustrated in Fig. 7B.d new (blue line) word pairs for unrelated word pairs at selected electrodes which are in-
sed for statistical analysis (250–400 ms, and 400–700 ms windows). Positive voltages are
Fig. 6. Bilateral frontal old/new effect (250–400ms). Panel A shows the mean amplitude of the early bilateral frontal old/new effects (correct intact minus correct rearranged and correct
intact minus correct new) under compounds and unrelated word pair conditions, which represent collapsed activity over six frontal electrodes. Error bars represent within-subject 95%
conﬁdence intervals (Loftus and Masson, 1994); Panel B shows the topographical maps of old–rearranged and old–new old/new effects for compound words and unrelated word pair
conditions, which were formed by subtracting ERPs of correctly rejected rearranged and new pairs from ERPs of hits to intact pairs, respectively. The scale bar shows amplitude range.
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and new responses during this time window revealed that both condi-
tions evoked equivalent left parietal old/new effects. ANOVAs of com-
pounds only revealed a signiﬁcant main effect of response [F(1,19) =
33.15, p b .001, partial η2 = .63], revealing more positive waveforms
for intact pairs than for new pairs at widely distributed scalp regions.
ANOVAs of unrelatedword pairs revealed a response × location×hemi-
sphere interaction [F(1,19)= 12.07, p= .003, partial η2 = .39]. Subsid-
iary ANOVAs revealed widely distributed old/new differences (ps b
.001).
Between-condition contrasts in the magnitude of difference wave-
forms (intact minus new) revealed no signiﬁcant main effect of condi-
tion or interactions involving condition, revealing that old/new effects
did not differ in magnitude for compounds and unrelated word pairs
at any locations. The mean amplitude of the left parietal old/new effect
(intact minus new; collapsed over P1/3/5) for compounds and unrelat-
ed word pairs is shown in Fig. 7A. The topographic maps of the ERP old/
new effects during this time window for compounds and unrelated
word pairs are illustrated in Fig. 7B.Fig. 7. Left parietal old/new effect (400–700ms). Panel A shows the mean amplitude of the left
minus correct new) under compounds and unrelated word pair conditions, which represent co
conﬁdence intervals (Loftus and Masson, 1994); Panel B shows the topographical maps of old
conditions, which were formed by subtracting ERPs of correctly rejected rearranged and new p3.2.3. Topographic analyses
Topographic analyses were conducted on the rescaled difference
waveforms to examine topographic differences of both types of old/
new effects during the 250–400 ms and 400–700 ms time windows.
The topographic maps of the old/new ERP effects during these time
windows for compounds and unrelated word pairs are illustrated in
Figs. 6B and 7B.
For each word pair condition, ANOVAs were performed with the
factors of time window (250–400 vs. 400–700 ms), location (frontal
vs. parietal), hemisphere (left vs. right), and site (superior vs. mid vs.
inferior) to examine the topographic differences between early frontal
and left parietal old/new effects. For the intact vs. rearranged old/new
effect, there were signiﬁcant time window × location × hemisphere
[F(1,19) = 5.65, p = .028, partial η2 = .23] and time window ×
location × site [F(2,38) = 7.55, p= .004, partial η2 = .28] interactions
for compounds, and a signiﬁcant timewindow× location × hemisphere
interaction [F(1,19) = 7.42, p = .013, partial η2 = .28] for unrelated
word pairs. For the intact vs. new old/new effect, there was a signiﬁcant
time window × location × hemisphere interaction [F(1,19) = 23.24,parietal frontal old/new effects (correct intact minus correct rearranged and correct intact
llapsed activity over three left parietal electrodes. Error bars represent within-subject 95%
–rearranged and old–new old/new effects for compound words and unrelated word pair
airs from ERPs of hits to intact pairs, respectively. The scale bar shows amplitude range.
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dow × location × hemisphere interaction [F(1,19) = 13.64, p = .002,
partial η2 = .42] for unrelated word pairs. These results reveal different
topographic distributions between early and late old/new effects for
both conditions, with the early old/new effects were more anteriorly
distributed, but the late old/neweffectsweremorewidespread,without
a focused distribution.
4. Discussion
The present study was designed to examine whether unitized com-
poundwords andnon-unitized unrelatedword pairs involveddifferential
patterns of familiarity and recollection during associative recognition. The
old/new effects were quantiﬁed by comparing intact with rearranged
pairs, compared with old/new effects quantiﬁed by comparing intact
with newpairs as commonly used in previous studies. For the old/newef-
fects betweenERPs to intact and rearrangedpairs, the compounds evoked
a signiﬁcant early frontal old/new effect, whereas this effect was absent
for unrelated word pairs. In addition, the left parietal old/new effect
was greater for compounds than for unrelated words. Whereas the
early frontal and late parietal old/new effects between ERPs to intact
and new pairs were equivalent for both compound and unrelated pairs.
The ﬁndings that the two analyzing approaches produced different
results suggest that it is needed to adopt intact vs. rearranged old/new
difference analysis to examine associative memory.
4.1. The early frontal old/new effect
The associative recognition task mainly examines the ability to dis-
criminate intact from rearranged pairs, not intact from new pairs.
Thus, it is reasonable to examine the old/new ERP differences between
intact and rearranged pairs in ERP studies of associative recognition. In-
triguingly, in the present study, we found that the frontal old/new effect
between ERPs to intact and rearranged pairs was signiﬁcant for com-
pounds, but not signiﬁcant for unrelated word pairs, suggesting that fa-
miliarity can support associative retrieval of unitized associations. The
present ﬁndings are consistent with the results of previous behavioral
associative recognition study. Giovanello et al. (2006) conﬁrmed that
compounds could induce more familiarity-based judgments compared
with unrelated word pairs with the R/K paradigm when participants
need to distinguish between intact and rearranged pairs. In addition,
our ﬁndings were also consistent with previous ROC analyses and ERP
studies of unitization effects on source memory (Diana et al., 2008,
2010, 2011), which found that familiarity can support source retrieval
when the item (e.g., a word) and source information (e.g., background
color) were encoded with unitized strategies during the study phase.
In sum, in accordancewith the unitization hypothesis, we extend previ-
ous ﬁndings and provide new ERP evidence that familiarity is involved
in associative recognition if the associative information was unitized
during the study phase.
In addition, we also performed analyses of old/new effect between
intact and new pairs, and found that the familiarity-related early frontal
old/new effect was equally involved in associative recognition of com-
pounds and unrelated word pairs. Presumably, the contribution of fa-
miliarity found under non-unitized condition may be resulted from
the confounding of item memory.
4.2. The left parietal old/new effect
For the left parietal old/new effect between ERPs to intact and
rearranged pairs, our results revealed that both conditions evoked sig-
niﬁcant left parietal old/new effect, and this effect was greater for com-
pounds than for unrelated word pairs. This putative recollection-based
old/neweffect is commonly observed in previous ERP studies of associa-
tivememory tasks (Bader et al., 2010; Donaldson and Rugg, 1998, 1999;
Mecklinger and Jäger, 2009).The present study may suggest that recollection processes make
more contribution to the discrimination of intact from rearranged
pairs for unitized associations than for non-unitized associations.
That is, accurately accepting intact pairs and rejecting rearranged pairs
for compounds require more effortful recollection-related process to
retrieve details about the study episodes. The rearranged pairs of
compounds were also pre-experimentally existing associations
(e.g., ‘Greek–letter’), whichmay have high-overlapping representations
with the original pairs (e.g., ‘Greek–mythology’) relative to those of un-
relatedword pairs, forwhich the relational representations are different
between rearranged pairs and original pairs. Thus, the familiarity of
rearranged pairs is also high for compounds such that recollection is
more necessary to support the comparison of intact with rearranged
pairs (Kriukova et al., 2013). The behavioral results echo this suggestion
by showing that rearranged pairs were more difﬁcult to reject for com-
pounds than for unrelated word pairs, reﬂected by the lower accuracy
and slower response times for rearranged pairs for compounds than
for unrelated word pairs.
These results suggest that recollection supports thediscrimination of
intact from rearranged pairs despite familiarity being involved in the
associative recognition of unitized representations. In addition, the
present ﬁnding that the engagement of familiarity in recognition did
not lead to less contribution of recollection to unitized associative
retrieval was consistent with the proposal that familiarity and recollec-
tion are independent processes (Yonelinas, 2002). In a word, we dem-
onstrated that the unitization can also inﬂuence the contribution of
recollection to associative recognition.
For the old/new effects between ERPs to intact and new pairs, the
compounds evoked similar left parietal old/newdifferences as the unre-
lated word pairs, consistent with previous studies of associative recog-
nition (Rhodes and Donaldson, 2007, 2008). This is probably because
the intact-new judgment used in present as well as previous studies
(Rhodes and Donaldson, 2007, 2008) was not as demanding as the
intact-rearranged judgment, so that no extra recollection resources
were required tomake associative recognition under unitized condition.
There are also studies in which signiﬁcant parietal old/new effect was
not found at all under the unitized condition (Bader et al., 2010; Jäger
et al., 2006). The null results about the parietal old/new effect in these
studies may be associated with stimulus properties (i.e., face pairs
with a high degree of similarity or a new concept created by a deﬁni-
tion), which make recollection unnecessary for retrieving the associa-
tions that are unitized during encoding because familiarity may be
sufﬁcient for retrieval of high-level unitized associations. However, be-
cause the compounds employed in the present studywere also relative-
ly high-level unitized associations, these assumptions may now be less
likely. In addition, other aspects may need to be considered, such as
when the unitization actually takes place. In the present study, the
unitization was based upon the pre-existing semantic knowledge;
while for some previous studies, the unitization was created by
encoding strategies during experiment.
4.3. Implications for future studies
Amnesic patients with hippocampal lesions and normal older adults
have been foundwith greater declines in associativememory relative to
itemmemory,whichmay be associatedwith their impaired recollection
(Giovanello et al., 2003; Holdstock et al., 2005; Mayes et al., 2004; Old
and Naveh-Benjamin, 2008; Turriziani et al., 2004). Fortunately, their
familiarity is relatively preserved (Daselaar et al., 2006; Yonelinas,
2002). Studies have demonstrated that these groups performed better
at the associative memory test following the encoding strategies en-
couraging unitization (e.g., interactive imagery), indicating that they
could beneﬁt from enhanced engagement of familiarity in retrieval
due to unitization (Bastin et al., 2013; Diana et al., 2010). Future studies
are necessary to examine whether these unitized encoding strategies
could improve associative memory performance in the patients with
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(aMCI), who have also shown impaired recollection but preserved fa-
miliarity (Gallo et al., 2004; Serra et al., 2010; Westerberg et al., 2006;
but see Hoppstädter et al., 2013; Wolk et al., 2008), and to apply those
strategies to cognitive training and rehabilitation in these special
populations.
4.4. Limitations
Some limitations should be noted. Firstly, the manipulation of
rearranged pair was one word from the compound pair, and the other
from the unrelated pair. This arrangement may cause the participant
to reject a type of rearranged pair (say rearranged compounds) as intact
by only recalling that part of the pair was from the other condition
(i.e., unrelated condition). Therefore, creating the rearranged pairs
within one word pair condition (either compound or unrelated) is a
better strategy for future studies. Secondly, although it is necessary to
include rearranged pairs in associative memory task, and the ERP com-
parison between old and rearranged pairs is a better approach than
widely used contrast between old and new to capture the nature of as-
sociation, it should be noted that the rearranged pairs may have the po-
tential to be associated with successful retrieval of the original study
phase partner. Thirdly, the presentation of one word above the other
may bemore unusual for compound than unrelated pairs. The presenta-
tion of one word next to the other for pairs needs to be considered for
future studies. Finally, the late old/new effect used to index recollection
process usually has a typical left parietal distribution, while our ERP
results showed pronounced old/new differences with a widespread
topography. The exact reason remains unclear. Thus, the relevant ﬁnd-
ings need to be explained with caution.
In summary, the present ﬁndings extend previous results by show-
ing that the unitization could enhance the contribution of both familiar-
ity and recollection to associative recognition. These ﬁndings have
important implications for memory training and rehabilitation in
healthy older adults and the patients with AD and aMCI, who have im-
paired recollection and relatively preserved familiarity.
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